ABSTRACT Obstructive sleep apnea (OSA), although it is a common symptom for ordinary people, is a serious issue in that it can lead to chronic and degenerative brain disease. However, these sleep disorders and apnea symptoms are difficult to diagnose at home or to recognize and cope with severe apnea situations. In response to this, we developed a Sleepcare Kit, an integrated wearable device. The Sleepcare Kit is a wearable distributed system in which the PAAR band and the bio-cradle are combined in the form of a hot plug-in without pre-setting. The PAAR band serves as a gateway for wireless communication with external devices and adjusts initial setting values for various sensors of the bio-cradle. Bio-cradle continuously measures/stores multiple bio-signals (PPG/SPO2, respiration, 3axis-acc, and body temperature) and analyzes the signal data to determine sleep quality and emergency situation in real-time. Although it is a set of small wearable devices, the kit itself diagnoses sleep quality on a real-time base without any external computing assistance while he/she is asleep. Simultaneously, it analyzes the gathered hypopnea and apnea data in real time and calculates the apnea risk phase. Moreover, according to the apnea risk phase, it can inform the wearer or guardian about the danger through the smartphone or smart-speaker. In this paper, we will discuss the algorithm that is used for the detection of sleep apnea in Sleepcare Kit, as well as the software platform for continuous measurement and synchronization of various bio-signals in real time. Moreover, we evaluated the accuracy of the system by comparing the obtained results with the polysomnography equipment used in hospitals.
I. INTRODUCTION
Worldwide, more than 100 million people are estimated to suffer from sleep apnea. In the United States alone, 50-70 million people have sleep disorders and obstructive sleep apnea (OSA), making it one of the most common sleep disorders [1] , [2] . OSA is the most common symptom of sleep apnea, being caused by the blockage of the upper airway, which results in an inability to breathe [3] , [4] . This leads to a lack of oxygen in the central nervous system and the brain. Typically, OSA sufferers present severe snoring and poor sleep quality. It also causes daytime sleepiness and chronic fatigue which, in turn, increases the risk of accidents caused by drowsiness [5] , [6] . Besides, OSA is closely related to diabetes and contributes to high blood pressure and arterial
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hardening [7] - [9] . Moreover, patients with sleep apnea have a higher risk of degenerative brain diseases, such as heart disease and Alzheimer's [10] - [12] . The suppression of sleep apnea has been shown to lower blood pressure in patients with high blood pressure, improve blood vessel function in heart-failure patients, and have a positive effect on Alzheimer's patients [13] - [15] . Thus, the diagnosis and treatment of sleep apnea in daily life are essential [16] .
The methods for diagnosing sleep apnea vary, and include polysomnography (PSG) that performed in hospital sleep clinic as shown in Figure 1 [17] , the use of personal monitoring devices (PMDs), and the recording of the sounds made by the patient while sleeping. However, most of these methods yield results only after the patient has fallen asleep. Thus, diagnosing and coping with an apnea situation in real time is not possible in his/her home. For instance, the aforementioned methods present problems in that the patient experiences significant discomfort during the measurement, or is subject to a number of situational constraints.
To overcome the aforementioned issues, we developed a wearable kit that can measure and analyze the quality of a patient's sleep in real-time at everywhere he/her is sleeping, using a single wearable kit. We have named this kit ''Sleepcare Kit.'' It is a small wearable kit that can easily diagnose the quality of the wearer's sleep on a day-to-day basis. The most important signals produced during sleep can be recorded to determine changes in the patient's sleep patterns, including posture changes, hypopnea, apnea, and snoring. In addition, if sleep apnea occurs continuously, the device performs calculations to determine the degree of danger; if a dangerous status persists, an external notification can be issued to alert the wearer or a caregiver. Besides, the sleep-related data for of the wearer can be monitored in real time, and results produced immediately after the data are acquired. In this way, it is possible to not only monitor sleep apnea but also cope with dangerous situations in real-time, thus mitigating the danger presented by sleep apnea in various environments.
The main contributions of this study are:
• Even though very complex functions are needed to include the acquisition, analysis and alarm functions of sleep quality related signals. Sleepcare Kit performs all of these functions on its own without the help of any external computing assistance even though it is a small wearable device.
• Not only can the quality of a patient's sleep be monitored in real-time through a dedicated application, but the measured results are stored on an SD-card so that the wearer can easily diagnose his/her sleep quality.
• If the sleep apnea risk phase of the patient is deemed dangerous, the associated with help of smartphone can be used to provide alarms to the wearer and/or a caregiver to alert them that they need to deal with this dangerous situation.
• Despite the use of ultra-small batteries(band: 120mAh, Bio-Cradle: 200mAh), multiple sleep related sensor signals can be processed continuously and guarantee more than 10 hours of no-charge operation. The remainder of this paper is structured as follows. In Section 2, we overview previous related studies. In Section 3, we introduce the proposed monitoring and alert system. In Section 4, the design of the sleep apnea diagnosis and alert system is described in detail. In Section 5, the system performance is evaluated. Finally, concluding remarks and plans for our future work are provided in Section 6.
II. RELATED WORK
Currently, several studies are being conducted to measure the quality of sleep. However, it is rarely used for general patients. Related studies have described the equipment used to measure apnea, as well as the techniques that can be applied to help alleviate apnea.
A. POLYSOMNOGRAPHY (PSG)
Currently, the most accurate means of diagnosing sleep apnea is PSG [18] . As shown in Figure 1 , this method involves the monitoring of apnea by an expert at a hospital or a sleep clinic. A large number of sensors are attached to the patient's body, including those that can recognize posture, others that capture the photoplethysmography (PPG) signals and the strength of breathing, and those that can analyze brain waves. Through this process, the duration, posture changes, sleep quality, and presence of sleep apnea can be accurately monitored. However, it is too expensive and PSG cannot be easily measured in his/her residence, but he/she must visit the clinic and sleep under the supervisor of a specialist. Furthermore, a large number of sensors are attached to the body and the measurement takes place in an unfamiliar environment, which may produce unusual sleep results.
B. PERSONAL MONITORING DEVICE (PMD)
A PDM is a portable sleep monitoring device that is used to determine the quality of the wearer's sleep on a day-today basis [19] . Various PMDs have been developed, such as the Stardust II, Watch_PAT, and Ebletta [20] - [22] . Previous studies have addressed how sensors should be attached to the body and then connected to the device, which is worn like a wristwatch. However, PMD is a mobile device, but it is also cumbersome, and it only saves sleep-related signals.
Analyzing and judging those signals should be assisted by experts. Crucially, PMD cannot cope with events like Apnea that occur in real time during sleep.
C. CONTINUOUS POSITIVE AIRWAY PRESSURE (CPAP)
Positive airway pressure machines are one of the most common means of treating sleep apnea patients. The most basic type is the CPAP, a device that prevents airway closure by injecting air at a given pressure [23] , [24] . A pressure that is set according to the patient's size must be specified and selected at the sleep clinic. A CPAP machine cannot VOLUME 7, 2019 treat central sleep apnea, which is not an OSA. Moreover, the equipment is uncomfortable for patients to wear and, occasionally, users unconsciously remove it in their sleep. Owing to the aforementioned limitations, among others, the CPAP does not provide the required quality of sleep.
D. SOUND-BASED APNEA MEASUREMENT
Recently, several technologies have been developed to detect snoring and sleep apnea from the sounds made by the patient [25] . A smartphone application has been developed to detect snoring and sleep apnea without any additional devices. One study found that sensitivity in the lower 80% range could be achieved with this app [26] . However, the sound-based monitoring of sleep apnea, although capable of obtaining accurate results when the patient is sleeping alone in a quiet space, is subject to interference from the likes of TV or other external sources of sound. Thus, the measurements may not be accurate. For the above reasons, there are limitations to applying in general situations where you have a pet or live with your spouse. As a result, it is not practical because it is difficult to measure in the real environment and lacks accuracy.
III. OVERVIEW OF THE PROPOSED SLEEPCARE KIT A. DESIGN CONSIDERATIONS
Most devices that are used to determine the quality of a patient's sleep cannot monitor sleep in real time and therefore cannot recognize dangerous situations. Rather, the results are analyzed after the data has been acquired. In addition, the analysis of the results requires an external PC or server. Besides, sleep apnea, which is by far the most common sleep disorder, does not have a definitive. A number of methods, such as surgery and the use of the CPAP, are employed to cope with apnea. Unfortunately, with both of these approaches, there is the possibility of recurrence. Often, the patient sees no improvement. However, there is an easy way of mitigating the effects of sleep apnea, which is based on several environmental factors [27] , [28] , while merely changing the posture changes the sleeping environment [29] . Based on this, a hypothesis was suggested whereby the application of only a few external stimuli could help to reduce the effects of apnea, such as analyzing the user's vital signs during sleep and inducing a change in his/her posture in situations where apnea occurs continuously. Based on this, we implemented a system that measures and analyzes biomarkers during sleep in real time, to recognize apnea, hypopnea, and posture. The configuration of the system is shown in Figure 2 . In addition, when apnea occurs, the system analyzes the signals it receives to identify the apnea risk phase. When a hazardous situation is recognized, the proposed system outputs a signal to the wearer or to an external device to alert a caregiver that the person requires assistance.
B. OVERVIEW OF PROPOSED SYSTEM
We designed and developed our own devices to configure an overall system that can measure and analyze data acquired which the patient is sleeping in real time. We named the system ''Sleepcare Kit.'' It is such that it can easily be worn like a watch, as shown in Figure 3 . The Sleepcare Kit consists of two embedded devices, which work cooperatively to perform measurements. First, the Bio-Cradle acquires biometric data, which is subsequently analyzed. The Bio-Cradle features a nasal tube probe to measure the patient's breathing, a probe that connects to the PPG sensor, and an acceleration [2] 1 ) 3
scheduling and control of the Bio-Cradle. The data acquired from the Bio-Cradle is streamed in real-time to the smartphone app through Bluetooth low-energy (BLE) communication. During the measurement, if the wearer is in a critical condition, communication with the smart-speaker is performed to alert the user by voice or to notify a caregiver. We use a variety of smart speakers such as GoogleHome and Amazon-Echo.
C. DESIGN & ARCHITECTURE
Sleepcare Kit's most important goal is to measure and analyze data while the subject is asleep in real time so that anyone can easily deal with the dangers associated with sleep apnea and be aware of their condition. In addition, the design was VOLUME 7, 2019 developed with miniaturization and low power consumption in mind so that it would be convenient to wear and thus enable day-to-day measurement. The Sleepcare kit consists of two major parts, the PAAR band and the Bio-Cradle, as shown in Figure 4 . these two devices perform their tasks according to their roles, so they are efficient in power consumption and can be measured and analyzed at precise timing even when performing various tasks. In order to develop a wearable system capable of realizing the above characteristics, a slip care kit was constructed as shown in Figure 5 .
The Bio-Cradle is based on the ARM Cortex-M4 32-bit microcontroller (MCU). The GPIO configuration and I2C were used to read the data acquired by the acceleration sensor, PPG sensor, and an accelerometer (ACC). The breathing sensor provides analog data on the intensity of the subject's breathing directly to I2C. It can also store data on the SD-card and also has charging and battery-mounting hardware. The Bio-Cradle transmits acquired data to the PAAR band using I2C communication. The PAAR band is designed to receive biometric data from the Bio-Cradle and communicate with an external device using BLE communication, such that it can transmit the acquired data and issue an alarm if the subject requires assistance.
Two types of PPG sensors (transmission and reflection) have been developed. In hospitals use the transmission type, despite many disadvantages such as the sensors being large and prone to becoming detached. However, in this study, We adopt the reflection type to avoid the effect on the actual sleeping environment.
D. PLUGGABLE DISTRIBUTED MULTITASKING ARCHITECTURE AND LOW-POWER IMPLEMENTATION
Sleepcare Kit performs real-time analysis, storage, and communication as well as the acquisition of data from multiple sensors. This requires a system that can perform different types of tasks at the same time. To implement this, Ubinos, developed in this lab, was used as the operating system to configure a multitasking structure. Ubinos is a real-time operating system (RTOS), designed specifically for application to embedded systems [31] . The PAAR band and Bio-Cradle form a multi-tasking structure that can perform multiple tasks in real time, as shown in Figure 6 . In the BioCradle, the power manager task, which is responsible for the overall power management and allows the realization of a low-power system, operates before or after the measurement and implements the power mode to energize the sensors. The PPG, breathing, and ACC tasks have the highest priority and are designed to monitor the subject's sleep quality by performing the tasks up to packet configuration, while data storage & transmission are assigned a middle priority.
For the PAAR band, only those tasks that play a role in the operation of Sleepcare Kit are included. The main task performed by the PAAR band is the management of the RTC to provide scheduling and time synchronization. After the completion of the measurement, the BLE manager task, which is responsible for communicating with the app and the smart-speaker, operates through BLE communication, while the UI manager task, which has the lowest priority, indicates the measurement status and time information. Figure 7 shows the behavior of each task after the start of measurement. The Bio-Cradle performs the Command task, which has the lowest priority, to determine the power manager and plug-in/out (whether it is combined with the PAAR band). Once the measurements are started, the PPG task, Breathing, and ACC task operate with priority 5, while the data_collection task has priority 4. The Ubinosbased multi-tasking structure supports fixed-priority preemptive scheduling. If tasks have the same priority, they are performed in round-robin (RR) style [32] , [33] . Each sensor is first polled according to its cycle, and the data_collection task analyzes, stores, and sends the acquired data so that, as far as possible, no data is lost.
In particular, the sensor work is ensured to be given a high priority and measured at a fixed time. Thus, the data_collection tasks could be performed with the optimal cycle. Through this process, each sensor was able to perform at least 50 measurements to check the sleep status of the subject in real time, while accurately checking the saturation level of the percutaneous oxygen (SpO2), the heart rate through the value obtained from the PPG sensor, and the occurrence of sleep apnea through the respiratory sensor. At the same time as the measurement is being performed, the data can be analyzed and synchronized at 40-ms intervals, with the acquired data being saved to the SD-card and sent to the PAAR band to enable the viewing of the measured data in real time, as well as determining whether the subject is in any danger.
Sleepcare Kit was designed with each part playing distinct roles to implement a low-power system. The Bio-Cradle is responsible only for measurement, while the PAAR band controls the Bio-Cradle before and after analysis and communicates with an external device.
Moreover, the Bio-Cradle operates in an ultra-low power mode (EM2) when measurements are not being performed. After the measurement, it operates in Energy Mode 1 (EM1) to maximize the efficiency of power consumption. In this way, Sleepcare Kit was implemented as a wearable system that can perform analysis and storage in real time, while simultaneously performing measurements, for more than 10 h.
E. MONITORING & SCHEDULING APP
The data acquired by Sleepcare Kit can be monitored in real time using a smartphone app. This app, which was developed in house, allows the user to set the measurement day, time, and duration, as well as the sensor to use. It also provides a real-time display of the acquired data, so that caregivers can analyze the subject's sleep quality.
F. SLEEP DATA ANALYSIS
In this study, bio-signals were measured using the PPG, breathing, and ACC sensors to detect sleep apnea and measure sleep quality. To perceive health risks while sleeping, the SpO2 and heartrate values were determined based on signals received from the PPG sensor. In this way, they were able to recognize snoring, hypopnea, apnea, and posture changes.
1) PHOTOPLETHYSMOGRAPHY (PPG)
A PPG device uses light to record changes in the volume of an object. Clinically, it is used to measure blood flow. It is possible to calculate the SpO2 and heartrate values by measuring the PPG signal on the subject's finger, which reveals the amplitude of the waveform. However, due to the large variations in the amplitudes of these waveforms between individuals, it is necessary to standardize the amplitude. In this study, the PPG signals were standardized by applying a Butterworth filter [34] as shown in Figure 8 . This eliminates noise from the PPG signal and attenuates the highfrequency portion to produce a clean plot. Then, the peak to peak calculation was implemented, as shown in Algorithm 1, so that the peak could be calculated accurately even if the signal was subject to large amounts of occasional noise.
PPG sensors are generally divided into two types, namely, transmission PPG and reflection PPG. We tested both types and subsequently designed Sleepcare Kit to accurately support both.
2) HEARTRATE
Heartrate is commonly expressed in beats per minute (BPM), that is, the number of heartbeats per unit time. The calculation of the heartrate can be done simply using the filtered PPG signals. The equation is expressed as shown in Eq. (1) and the number of clocks between the peaks of the PPG signal is counted and calculated initially by multiplying by the cycle of the clocks. Then, the value can be reversed and multiplied by 60 to obtain the BPM value, that is, the heartrate [35] .
HeartRate beat minute = 100 (PPG Sensor Frequency) [HZ ] (PPG data number between peakto peak) × 60 (1)
3) SATURATION OF PERCUTANEOUS OXYGEN (SPO2)
The SpO2 value indicates the degree of oxygen saturation as detected by the pulse oximeter. Oxygen saturation represents the ratio of the amount of hemoglobin bound to oxygen in the blood to the total amount of hemoglobin. The general calculation is as follows [36] :
where R stands for red LED and IR indicates an infrared LED. Here, K and M must be set depending on the sensor. Sleepcare-Kit uses the above equation to calculate SpO2 accurately. Algorithm 2 is the calculation process of Spo2 values, and describes how to reduce the error and derive the correct values. We reduced the noise as much as possible by comparing the previous and current values at regular intervals and providing feedback to ensure that more accurate values were derived.
4) BREATHING
Breathing signals are one of the most important signs indicating the quality of sleep. In particular, measuring and analyzing breathing signals is a significant indicator in determining Hypopnea and Apnea. Sleepcare Kit uses the nasal tube of the PSG equipment to accurately measure the breathing signals.
5) ACCELERATOR (ACC)
Sleepcare Kit has an internal IMU sensor that allows it to measure acceleration signals. It is currently required to measure the X, Y, and Z values of the three-axis accelerator signal in real time, so that wrist movements can be detected. Analysis of these measurements revealed that the movement of the wrist was closely related to the subject's posture, indicating that the user's sleeping posture could be determined.
6) RECOGNITION OF APNEA & HYPOPNEA
In this study, hypopnea and apnea were recognized in real time based on the breathing and SpO2 measurements, described above. Moreover, as shown in Figure 9 , we decided to recognize apnea and hypopnea by referring to the Apnea Academy of Sleep Medicine (AASM) criteria [37] . In this study, hypopnea was recognized on the same basis as that defined in the AASM criteria, while for apnea, two criteria were used. First, when using the nasal tube, it was decided that apnea would be recognized if the strength of the breathing was reduced by more than 90% and maintained at that level for more than 10 s, as defined by AASM. Second, if the nasal tube was not worn or if the nasal tube had become detached when a measurement was made, we would diagnose apnea using the SpO2 value. We concluded that an apnea event was occurring if the SpO2 value decreased by more than 5% and the SpO2 value decreased by more than 10 s. Apnea presents a serious danger to a person. To that end, in addition to the detection of apnea, the danger presented by that apnea can be determined from the apnea stage. In this study, the criteria used to determine the risk presented by apnea include the duration of the apnea, the spacing between apnea and apnea, SpO2 value during the apnea, and other vital signs. This value is used to calculate the degree of danger that the apnea presents to the subject.
7) DETERMINATION OF POSTURE
We mentioned above that we can recognize the movement of the user by using the ACC value. Based on the measured data, those subjects with OSA exhibited a tendency whereby there would be a significant difference between the ACC value of the respiratory section and the ACC value of the section where the apnea occurred. Figure 10 shows the data acquired over 1 h for patients with OSA. Here, the shaded area is the area where the apnea is present. The data at the top is the ACC value, and it can be seen that the values for the sections corresponding to apnea and normal breathing are clearly different.
Based on this, we are studying the possibility of apnea occurring only in a specific posture, using the ACC value. 10. An hour of data measured by Sleepcare Kit: the area with sleep apnea is marked as shaded, the top data is ACC value, the middle data is breathing signal, the bottom data is Spo2 and HeartRate result display (x-axis: time-line, 1sec: 50units, 1hour: 180000units).
8) ANALYSIS OF MEASURED DATA
Sleepcare Kit stores more than 10 MB/h onto an SD-card while the subject is sleeping, with data being acquired from the sensors every 10 ms. Most sleep quality measurement equipment does not allow non-specialists to analyze the data easily, but we developed Sleepcare Kit Viewer so that we could easily identify a subject's sleep quality using a personal computer. Figure 11 shows some of the sleep data measured using Sleepcare Kit.
The Sleepcare Kit Viewer is designed to enable the display of one hour of data and allows users to choose the duration they wish to view and easily understand their sleep situation. The top graph is the area that can be inferred from the position through the acceleration sensor. Second, the value of the PPG sensor is shown. Third, the data acquired by the breathing sensor can be used to identify the nasal, hypopnea, and apnea conditions. In the case of apnea, red was used to check the area where apnea occurred during sleep. The bottom is the SpO2 and heartrate values, calculated from the PPG values. As the SpO2 value falls, the red area becomes closer, so that the user can easily appreciated how far the SpO2 value has fallen.
G. ALERT SYSTEM USING SMART-SPEAKER
Sleepcare Kit uses the Apnea Risk Phase Algorithm (ARPA) to detect dangerous situations of sleep apnea and notify connected smartphones or smartphone applications of the danger through wireless communication. As shown in Figure12, Sleepcare Kit recognizes apnea status in real time during measurement and can determine the danger situation. If apnea is determined to be dangerous, the PAAR Band transmits the danger signal to the connected device (Smartphone, Smartspeaker) via Bluetooth communication. The connected device can receive this signal and provide voice guidance to the user. Sleepcare Kit is designed to connect with most Smartspeakers and wireless communication with various devices such as Google-Home, Amazon-Echo.
Therefore, users can not only know the sleep quality but also recognize the danger situation in real time without having to attend the sleep clinic with only Sleepcare Kit. 
IV. DETAILED DESIGN OF SLEEP APNEA DIAGNOSIS AND ALERT ISSUE A. DETERMINING THE RISK OF SLEEP APNEA
As mentioned above, this study showed that sleep apnea can be identified in real time. In addition to that, we went on to define the risk level of sleep apnea, with the aim of providing the user and his/her caregiver with a light-based alarm that would change according to the degree of danger being experienced by the user. The apnea hypopnea index (AHI) and the respiratory disturbance index (RDI) are used to determine the degree of danger presented by apnea (as defined by the AASM) [37] . If the AHI or RDI index is more than 5, it is judged to be an apnea. The criteria are listed in Table 1 . This is used to determine the severity of the apnea according to the number of sleep apnea occurrences to determine the degree of danger in real time while the user is asleep. In this paper, we define the degree of danger by assuming actual dangerous situations by referring to the AHI value to determine the risk of apnea in real time.
The criteria that define the risk phase of sleep apnea are as follows.
1) Whether or not apnea events occur consecutively.
2) The duration of each apnea event.
3) The decrease in the SpO2 level when an apnea event occurred. 4) The presence of a certain pattern of acceleration values when an apnea event occurs.
We defined a dangerous level of apnea by examining the above situation and setting the system to issue an external alarm or stimulation if it is judged to be dangerous while the user is asleep. The ARPA stores the interval between each apnea and apnea, the apnea duration, the SpO2 decrease, and the other vital signs. This allows the apnea risk phase to be assessed in real time and to provide real-time apnea warnings to users and caregivers.
B. SLEEP APNEA RISK PHASE ALGORITHM (ARPA)
As mentioned above, the ARPA determines the degree of risk according to the duration of the apnea and the decrease in the SpO2 level when sleep apnea events occur consecutively. Thus, the user can be received an alarm or external stimuli, indicating that they should deal with the apnea situation. Besides, the value of the acceleration when the apnea occurs being stored to enable the diagnosis of the posture when the apnea occurs. Algorithm 3 shows the pseudo code of ARPA, and the details are described below.
1) APNEA CONTINUITY ACCORDING TO POSTURE
Patients with sleep apnea tend to experience ongoing apnea until they change their posture or they are affected by external stimuli. Therefore, it is important to judge the continuity of apnea events when detecting the risk of apnea in real time. Figure 13 shows some of the data for patients with apnea. It can be seen that the retention or change of the posture can be recognized from the value acquired from the acceleration sensor, while the breathing of the wearer varies VOLUME 7, 2019 FIGURE 14. Elements for judging apnea risk phase: apnea start, end point, apnea interval, SpO2 value (Min, Max, Deviation).
with his/her posture. In particular, patients with OSA can benefit from changing their posture even when they are in apnea because the pressure on the air-way varies with their posture [38] , [39] . Therefore, this study recognized ongoing sleep apnea and determined the degree of danger based on the strength of the apnea.
2) ARPA MEASUREMENT ELEMENT
Sleep apnea is divided into two categories to determine the ARPA. Intermittent and Continuous were set as classifications and, in the case of Continuous, the degrees of danger were identified. To determine the degree of danger in real time, we measured the duration of the apnea and the degree of reduction of the SpO2 value, as shown in Figure 14 . To determine whether the apnea events are occurring continuously, the apnea interval was first determined. The apnea interval was calculated as the difference between the current sleep apnea start time and the previous sleep apnea end time. This is defined as AI (n)
The interval between two apnea events (AI (n) ) determines the continuity of the apnea and is used to classify the type of apnea into two categories, depending on the degree of continuity.
In the case of continuous apnea events, the danger presented by the apnea was acquired so that the risk level could be determined. The criteria for determining the risk of apnea are the time of apnea, the lowest value of SpO2, and the deviation in the SpO2 value. The time at which apnea occurs is indicated as At (n) . The calculation method is as follows:
The minimum value of SpO2 and the deviation in SpO2 are expressed as Sm (n) , Sd (n) . The calculation method is as follows:
Continuous apnea is determined based on the measured values of AI (n) , At (n) , Sm (n) , and Sd (n) , all of which were acquired in real time to detect the risk of apnea. If n (current apnea index) is >1, the duration of the apnea was determined, and the degree of loss and deviation in the SpO2 value was determined. The criteria for determining the risk phase are listed in Tables 2 and 3 . Whenever an apnea event occurred, the risk level was determined as the average of the levels with respect to the duration of the apnea and the reduction in the SpO2 level. This is referred to as the sum of the apnea risk phase (SARP), which is calculated as follows:
After the measurement, if the SARP value exceeds the critical phase, a hazard signal is sent to the Smart-speaker. The Smart-speaker is able to respond to the apnea occurrence by making voice announcements or by sounding alarms to the caregiver or user after receiving this signal.
V. PERFORMANCE EVALUATION
Using the developed system, we performed measurements on 15 people including those with sleep apnea patients and others who were normal sleepers. Moreover, the system was used simultaneously with the PSG [18] equipment used in hospitals to compare the measurement accuracy. A lowpower test also showed that data could be acquired throughout an entire sleep cycle on a single charge.
A. COMPARISON WITH POLYSOMNOGRAPHY (PSG)
We tested the ability to accurately measure the quality of sleep by having the subjects wear Sleepcare Kit and the PSG equipment at the same time. After a one-night/two-day measurement at the hospital, the results were used to compare the posture, apnea, hypopnea, and snoring.
1) COMPARISON OF RESULTS FOR NORMAL MALE
First, Sleepcare Kit and the PSG equipment were attached to those subjects who did not suffer from apnea, and the results were compared. It was found that the respiration and SpO2 values were almost the same while the subject was sleeping, while the change in the subjects attitude required with PSG can be recognized by the acceleration sensor in Sleepcare Kit. Especially, when a sudden movement occurred, a slight error in the instantaneous value occurred but the value then stabilized soon.
2) COMPARISON OF RESULTS FOR MALES WITH SLEEP APNEA
Patients with sleep apnea were also tested under the same conditions, and the accuracy was compared by measuring the degree of post-measurement posture changes, the detection of apnea, and the decrease in the breathing time and oxygen saturation. 
a: NORMAL BREATHING
Immediately after entering the sleep, the area where the patient was breathing normally was analyzed. Snores were observed in this section. Figure 15 analyzes a part of the normal breathing section, which suggests that the snoring produces vibrations during breathing, and both the PSG and Sleepcare Kit results exhibit the same.
b: SLEEP APNEA
For the subjects with sleep apnea, it is important to analyze the degree of time and SpO2 reduction in the apnea area. As shown in Figure 16 , a comparative analysis with Sleepcare Kit and PSG showed that both systems returned the same value for the time at which the apnea event occurred, while the VOLUME 7, 2019 degree of SpO2 reduction occurring immediately after motion detection and apnea was accurate.
c: COMPARISON OF POSTURE CHANGE AND DISCRIMINATION
OSA patients, with sleep apnea being the most common disease, often experience different breathing patterns depending on their posture. In particular, the symptoms of apnea are more noticeable in a supine posture [40] . With the PSG system, to detect the subject's posture, sensors are attached all over his/her body to detect the posture accurately. Sleepcare Kit only uses acceleration sensors in the PAAR band that is worn on the wrist to determine the posture. This showed that even a band worn on the wrist could estimate a certain degree of postural change. Furthermore, the degree of apnea depending on posture can be inferred.
3) RESULTS OF COMPARATIVE ANALYSIS OF SLEEP CONDITION
In this study, we measured and analyzed a subject's sleep quality in real time using the PPG, breathing, and ACC sensors of Sleepcare Kit. The results of the measurements were accurately compared to the PSG equipment used in hospitals. In this study, several persons were subjected to measurements. Three cases are listed in Table 4 . Two patients with sleep apnea and a normal male sleeper were analyzed based on three indicators. First, the AHI value, which is the standard for apnea, was found to be equal in all three cases. Moreover, the change in the posture and the desaturation were almost equal, and it was confirmed that they were accurately measured. As a result of analyzing that part which incurred a slight error in the measurements, it was confirmed that Also, immediately after the subject wakes, the sleep results are provided as a voice report from the Smart-speaker, such that users can immediately receive feedback on the quality of their sleep. Moreover, all the data acquired while the user was asleep is stored on the SD-card so that the user can check his/her sleep history at any time.
B. POWER CONSUMPTION TEST
Sleepcare Kit is a wearable watch-type device that measures sleep quality on a day to day basis. Therefore, it is essential that it be able to continuously acquire data while the user is asleep. Sleepcare Kit could reliably perform measurements during a sleep cycle, even though it had a much smaller battery than a normal smartwatch. A typical smartwatch has a battery capacity of 250-400 mAh, while Sleepcare Kit has a battery capacity of 320 mAh (PAAR Band: 120mAh, BioCradle: 200mAh).
The low-power test measures how much power is consumed depending on the operating state. We measured and analyzed three states: When not performing measurements, when transmitting data to the smartphone app in real time while performing measurements, and when storing data to the SD-card while performing measurements. The results are shown in Table 5 .
1) IDLE & STREAMING MODE
The first is IDLE mode, which is a nonmeasured idle mode. In this case, since there is no need for any function to operate in the measurement wait state, only that function for checking the state of the user every 60 s operates. At this time, the power consumption is 76 µA, which could be maintained for more than 100 days with a battery capacity of 200 mAh. In streaming mode, the acquired data is transmitted to the PAAR band while the measurements are being performed, and the PAAR band sends this data to the app in real time, such that the user can check his/her status. In this case, the power consumption is 12 mA, which can be maintained for more than 16 h.
2) SAVING MODE
With Sleepcare Kit, the user's data is stored onto an embedded SD-card as measurements are made while the user is asleep. This is very important because this allows the user to see his/her sleep quality by referring to the data stored on the SD-card. In this state, however, data is stored every 40 ms while the sleep data is being acquired, resulting in a power consumption of 28 mA, which can be maintained for 7 h. Therefore, we studied ways of reducing the power consumption, changing the storage cycle of the acquired data with data being written to the SD-card only every 40 measurements. Doing so reduced the power consumption to 12 mA, such that measurements could be acquired for more than 16 h on a single charge.
C. ARPA ACCURACY AND RESPONSE TIME
ARPA is an algorithm that determines the danger presented by sleep apnea. With Sleepcare Kit, once this value has been determined, a warning signal can be sent to an external device that can issue an alarm to the wearer and his/her caregiver, such that they can respond to a dangerous situation. Thus, to verify that ARPA can accurately recognize apnea and judge a situation to be dangerous in real time, five people were fitted with a Sleepcare Kit in an actual sleep environment in which a variety of situations were simulated, such as hypopnea and apnea.
1) ACCURACY TEST OF APNEA, BREATHING STATE a: ACCURACY TEST USING BREATHING SIGNAL
The breathing sensor is designed to acquire a measurement in 20 ms. Based on this, we made it possible to recognize the apnea situation and accurately determine the intensity of respiration.
Although the performance evaluation described in Chapter 5-A revealed that Sleepcare Kit was as accurate as of PSG equipment, we randomly simulated apnea events to test the accuracy and to determine whether the apnea was correctly recognized. The results of the test were as shown in Table 6 . First, breathing was stopped for 10 s, 20 s, and 30 s to determine whether the system would recognize the occurrence of an apnea event. Second, we stopped breathing for 5 s and 9 s and experimented to determine whether other than apnea could be recognized correctly. The results of our experiments show that the breathing time can be accurately judged from the value returned from the breathing sensor.
b: ACCURACY TEST USING SPO2
The SpO2 value is described in detail in Chapter 3-F-3). In this case, it was is calculated using the value acquired from the PPG sensor operating at a measuring cycle of 10 ms. Based on this, the results of the experiment were calculated using the calculated SpO2 value to randomly assume an apnea event and to test whether the SpO2 value alone could be used to recognize the occurrence of an apnea event. The measured results are listed in Table 6 . The results show that, in those cases where SpO2 alone is used to judge whether an apnea event has occurred, the recognition may not be accurate. If a subject holds his/her breath for 10 or 20 s, the SpO2 value cannot be used to recognize sleep apnea, with the SpO2 value not dropping until the subject can no longer hold his/her breath. The results of the experiment showed that the SpO2 started to fall after 30 s. However, this was based on artificial experiments, and the actual sleep environment shows that that SpO2 value decreases in less than 20 s after an actual apnea event.
2) ARPA RESPONSE TIME TEST
When an apnea event occurs, ARPA does not make a judgment based on the situation alone but instead makes a comparison with the data for the previous apnea event to determine the degree of danger to the wearer. To this end, we measured the response time required to determine whether a dangerous situation occurred in real time.
In this experiment, the wearer was required to hold his breath randomly to create an apnea situation. Based on the results of this test, various apnea risk levels were determined.
The results of the measurements are listed in Table 7 , in which the apnea risk levels vary from 3 to 7. Various situations are assumed, such as when each sensor becomes detached. The measurement results showed that, with all the sensors attached, the measurements were reasonably accurate, assuming that the wearer holding his breath for 10 s produced a value of 1. However, when the sensors were removed one by one, some error was incurred, in the same way as with the SpO2 value, described above.
Based on these results, it was confirmed that users can accurately identify levels of apnea and apnea risk, in random situations as well as in actual sleep.
VI. CONCLUSION
This paper has described a kit that can conveniently measure the sleep quality including OSA in any environment. This is called the Sleepcare Kit and is designed to combine ultrasmall devices called the PAAR Band and the Bio-Cradle in hot-plug form without a preset. Base on that, it was able to make accurate measurements by sharing measurement, communication and roles and maximizing the efficiency of battery consumption. We also describe an algorithm that can monitor and analyze biological signals simultaneously with real-time measurements and identify risk situations. When a dangerous situation occurs, Sleepcare Kit send the message the danger situation to smartphones and smart speakers so that wearer and his/her caregiver can be alerted. It shows that accurate measurements can be made in actual sleep environments and that various situations can be simulated to recognize sleep conditions.
In future studies, we are studying ways to predict apnea situations in advance. In addition, aims to develop a system that can resolve apnea without interrupting the patient's sleep when apnea occurs.
